Intensity and wavelength dependence of bimolecular recombination in P3HT:PCBM solar cells: A white-light biased external quantum efficiency study J. Appl. Phys. 113, 154504 (2013) The authors have used transient photovoltage measurements to evaluate carrier relaxation times (s) in P3HT:PCBM based photocells over a wide range of open circuit voltages. Satisfactory agreement is found with data obtained by low frequency impedance measurements. The authors find the differential capacitance measurements yield data consistent with the theoretical value expected based on Langevin recombination. The Langevin coefficient is three orders of magnitude smaller than the theoretical one. For the low light levels, the relaxation time variation is determined by the RC time constant behavior of the photodiode.
I. INTRODUCTION
Though organic semiconductor based photovoltaic cells (OPVs) have significantly lower power conversion efficiencies than their inorganic counterparts, 1 there are applicationspecific areas where their deployment could add a significant value. One area concerns low altitude orbits (Low Earth Orbits-LEO) for small satellites whose power consumption is not too demanding. 2 With OPVs, one can envisage a rapidly deployable, low cost solution. This is increasingly realistic since advances in recent years have improved OPV technology to over 10% power conversion efficiencies (PCEs). [3] [4] [5] Our particular interests concern the applicability of organic photocells for use in space based solar panels where it must be recognized that "unusual" conditions exist, which are not generally addressed by the organic photocell community. 3 Particularly, we must examine ionizing radiation effects where very little work has been reported. In order to have some hope of understanding the physics of radiation damage, we must first be sure we understand the origins of the behavior of unirradiated cells and there appears to be some controversy concerning that. This is certainly in part due to variability in the process flow by which OPV's are manufactured and cannot yet be considered "stabilized" from an engineering standpoint. We therefore anticipate that radiation response may well depend on the origin of cells. With this in mind, we have begun an extensive study in which the first part concerns a detailed examination of the preionizing irradiated cells.
Despite a substantial number of studies on the archetypical blended solar cell material poly (3-hexylthiophene) with ( [6, 6] -phenyl C 61 butyric acid methyl ester), P3HT:PCBM, many questions remain as to the fundamental science of this material. For example, the exact nature of the mechanism of recombination of photogenerated carriers (electron-hole pairs) appears to be contested. Some interpret carrier relaxation in terms of a bimolecular Langevin mechanism, [6] [7] [8] [9] [10] which is operative at high open circuit voltages, V oc , or high photogenerated carrier density. Meanwhile, at lower carrier density (low V oc ), some other (monomolecular) process is invoked 7 although not identified. In the following, we report the results of a detailed study of photogeneration of carriers and their subsequent relaxation for a wide range of open circuit voltages (0.1-0.58 V). We compare our data with the results of alternative measurement methodology such as low frequency impedance spectroscopy.
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II. EXPERIMENT
The experimental setup has been elaborated elsewhere 3, 12 and is briefly recalled in the following. The P3HT:PCBM 1:1 by weight cells were produced at the University of California, Los Angeles (UCLA) using methods described elsewhere. 13 The device area is 0.1 cm 2 with the active layer blend thickness $220 nm. Each chip that was manufactured had five devices, which we call fingers. 3 The nomenclature used to describe the devices tested in this study involves naming the chip ID number followed by the finger number under test. For example, T54-F2 is chip ID T54 finger 2 is the device that was tested. The cells were exposed using an uncalibrated background light source (halogen) that a) Electronic mail: kenneth.kambour.ctr@us.af.mil
established a mean open-circuit voltage chosen to be within the range of 0-0.58 V by varying the light intensity. Based upon measurements carried out at UCLA using a calibrated light source, our highest attainable background light level corresponded approximately to 1 sun. The open circuit voltage was measured directly using a high impedance voltmeter. Superimposed on the chosen light background was a pulse of light from a halogen flashtube (also uncalibrated). The duration of the pulse was 2 ls, which was shorter than any of the estimated photoinduced carrier relaxation times we have measured. These pulses, applied at a repetition frequency of 2 Hz, induced small fluctuations of the cell opencircuit voltage (dV oc ) as measured using a Tektronix 2024 high input impedance, digitizing oscilloscope. The signal to noise ratio was enhanced by adding multiple pulses.
We show in Fig. 1 a typical variation of dV oc as a function of time following a light pulse, as measured using the digitizing oscilloscope. For this example, we adjusted the background light intensity to set V oc ¼ 0.3 V, and then used a dV oc (t ¼ 0 s) $ 50 mV. The classical breakdown of the data taken was to fit each pulse generated at each background light level with an exponential of the form
where dV oc is the result of the pulse superimposed on the background light level, A is the peak pulse height, t is time, s is the carrier relaxation time, and C allows for any small offset that potentially arises within the measurement on the oscilloscope. The fit to the data was performed using Origin 5.0 TM software. 14 For the example shown, the relaxation time extracted is 1.64 6 0.01 ms. It was determined that in order to remain in the small signal regime, the 50 mV pulse intensity was sufficient and gave an exponential decay.
Using the methodology described and adjusting the pulse intensity to as best as possible work with small but constant dV oc , we obtain the values of s(V oc ) shown in Fig. 2 . When extracting the relaxation times utilizing Eq. (1), the errors associated with the fit were found to be less than 1%. At the lower light levels, including 0.1 V background V oc , we still obtain a good exponential fit using the pulse intensity of 50 mV. A notable reduction in the variation of s with V oc is observed for values of V oc 0.3 V; this was not an effect resulting from the magnitude of dV oc compared to V oc . This regime appears to have been little explored, presumably because it corresponds to very low light levels. These are of questionable interest for solar panel applications; however, they are important for physical understanding of the cell response.
III. RESULTS
A. Extraction of the charge density and differential capacitance
To extract the charge density and differential capacitance, we have followed a methodology reported by Shuttle et al. 6 Simultaneously, we measure the photocell short circuit current pulse (dI sc ) by observing the current flowing through a low value load resistor (R L ¼ 470 X) connected across the diode. Note that we observed the same dI sc when using a 50 X load, but the measured voltage was, of course, smaller. From dI sc (t), one can integrate with respect to time to obtain the total photoinduced charge in the pulse (dQ) and combining this with dV oc (for the same background light level and pulse) determine the total capacitance C Total ¼ dQ/dV oc . The point has been raised that it is possible that not all photogenerated carriers may in fact be collected at the electrodes (especially for very short relaxation times) so the values of dQ obtained in our experiments using this method could be underestimated. However, for a background V oc of 0.4 V, the carrier relaxation time is typically $300 ls. From dI sc (t), we extract a short circuit current relaxation time of $20 ls, which indicates that most of the photogenerated carriers will be collected before they can recombine. Therefore, estimates of the capacitance defined by C Total ¼ dQ/dV oc should not be significantly in error. A plot of C Total (V oc ) is given in Fig. 3 for three devices. The data can be fitted to an equation
C E is the geometrical capacitance of the diode ($15 nF/cm 2 ) and the Ae aVoc term on the right of Eq. (2) is the differential capacitance resulting from the photoinduced carrier density. The fit parameters from Eq. (2) are included in Table I below and an example fit is shown by the green curve in Fig. 3 . We calculate the theoretical value of the geometric capacitance to be $14 nF/cm 2 using the relative permittivity 15 of 3.4 and the blend thickness 220 nm. It is to be assumed from Fig. 3 that the differential capacitance dominates the geometrical capacitance for V oc > 0.2-0.3 V and therefore dictates the behavior of the photocell properties beyond this regime. Similar conclusions have been reached from impedance spectroscopy measurements 11 where the capacitance as a function of V oc is determined.
Making the standard assumption that the depletion layer includes the whole photoactive layer, the charge density, n(V oc ), can then be deduced by performing the integral
where n is the charge carrier volumetric density, q is electronic charge, d is the thickness of the photoactive layer, and C Diff is the derived differential capacitance in F cm
À2
. It is implicitly assumed here that the thickness of the depletion layer is identical to the thickness of the device.
Assuming a Langevin recombination model was active, one can write
where E gap is the effective bandgap, P is the dissociation probability of a bound electron-hole pair into free carriers, N c is the effective density of states, c is the Langevin recombination coefficient, and G is the generation rate of bound electron-hole pairs. G may also be expressed as
where n(p) is the photoinduced electron (hole) density, which we write as n ¼ p ¼ Q. By differentiating Eq. (5) with respect to V oc , we obtain (dG/dV oc )/ͱG / dQ/dV oc . Rearrangement of Eq. (4) yields G / e qVoc/kT , which enables us to express the differential capacitance, C Diff , as
Assuming C Diff is given by Ae aVoc , V oc we deduce q/2kT at room temperature as given by a in Table I , the correct value at the temperature 300 K is 19.3 V
À1
. From the published data of Shuttle et al., 6 performing similar experiments to own a value of 6.3 V À1 emerges. Garcia-Belmonte and coworkers 11 performing impedance spectroscopy measurements which determine C Diff also yield a value for q/2kT of 15 V
. For some cells, we have also obtained abnormally low values (10 V
, for example), but at the present time, we have no explanation for these. We conclude that the experimental values using the C Diff measurement method can be substantially less than expected based upon the theory of Langevin recombination. However, Eqs. (4) and (5) can be combined to determine ln(s) / q/2kT so that from plots such as those shown in Fig. 2 one can also obtain values for q/ 2kT. For our devices (Fig. 2) , these systematically approach the idealized value of 19.3 V
, which appears to be true from other data published by other authors. 6, 11 
B. Carrier density as a function of V oc
Having deduced the differential capacitance as a function of V oc , we can now use Eq. (3) to determine the photoinduced carrier density as a function of V oc via numerical integration, as shown in Fig. 4 . This figure was derived by performing the integral at each background V oc .
C. Behavior of s for V oc £ 0.3 V The variation of s with V oc shown in Fig. 2 provides clear evidence for a flattening off for V oc 0.3 V, and this is unexpected within the confines of the Langevin recombination model. Other authors 7, 9 have suggested that this regime represents the onset of a "monomolecular recombination" regime though the nature of the mechanism is not explained. With reference to the variation of C total with V oc shown in Fig. 3 , we determined C E ¼ $15 nF/cm 2 , which compares very favorably with the calculated geometrical value of $14 nF/cm 2 . From Fig. 3 , we propose that C Diff ¼ C E when V oc $ 0.3 V, which is exactly the region where s becomes almost independent of V oc (Fig. 2) . Additionally, the dark current as a function of applied bias (see Fig. 5 ) shows a Table I.   TABLE I . Parameters extracted by fitting the data shown in Fig. 3 using Eq. (2) .
T53-F1 20 6 2 2 0 6 15 20 6 1 T54-F2 15 6 2 6 0 6 20 17.7 6 0.5 T54-F3 16 6 2 3 0 6 20 19.2 6 0.9 bulge below 0.2 V, which is normally explained as being due to a large, on the order of megaohm, shunt resistance within the diode, a possible explanation for such a shunt resistance would be a region within the blend where one of the blend materials extends completely from the anode to the cathode. Thus, there are two time constants: one Langevin based and the other based on the shunt resistance and the geometric capacitance and whichever is smaller for a given bias dominates. One can therefore conclude that in fact the low V oc behavior is not the result of a different recombination mechanism (i.e., monomolecular as opposed to bimolecular), it is simply a consequence of the diode capacitance and shunt resistance leading to an RC time constant effect; 11 other authors have alluded to this. 5 
IV. DISCUSSION
We now examine in more detail the mechanism of carrier recombination. In Fig. 6 , we plot s as a function of 1/n to show the relationship between these two parameters enabling us to extract the Langevin coefficient, c. if carrier recombination occurs through the Langevin mechanism, we expect s ¼ 1/(cn), where c is independent of n. However, fitting to the data shown in Fig. 6 using the empirical equation s ¼ an b and extracting a and b, then insertion of these parameters into the following equation yields the Langevin coefficient:
where c is the extracted Langevin coefficient and n is the charge carrier density. In the classical Langevin model
where l e is the electron mobility of the active region, l p is the hole mobility of the active region, and e is the relative permittivity of the active region. Assuming l e $ 10 À3 cm 2 V s
, and e $ 3.4, we estimate c $ 10 À9 s cm 6 , which is 10 3 times larger than the maximum observed in Fig. 7 ($3.5 Â 10 À12 cm 3 s À1 ). Similar discrepancies have been pointed out by other authors. [17] [18] [19] We include in spectroscopy data from Ref. 11 . This data appear inconsistent with our findings from the TPV measurements we have performed. We have no explanation for this discrepancy.
Murthy et al. 18 have proposed a model leading to a reduced Langevin c coefficient. In their approach, Langevin recombination leads to an intermediary state in which the electrons and holes may either recombine completely or they can, via a back reaction, escape recombination, leading to an effective reduction in c. This effective c could be applied in all the standard Langevin based equations [Eqs. (4)- (6)].
V. SUMMARY AND CONCLUSIONS
The results of the experiments described lead to a series of conclusions, which are important for our ultimate goal, understanding the effects of ionizing radiation. In particular, the results of the study lead us to conclude:
(1) From our measurements of the differential capacitance as a function of V oc , we find values for q/2kT, which are consistent with the value of 19.3 V À1 expected on the basis of Langevin recombination. The effective Langevin constant c, however, is at least three orders of magnitude smaller than the theoretical value calculated from known parameters such as the relative permittivity and carrier mobilities. The explanation advanced for this in Ref. 18 appears inconsistent with the present observations. (2) s variation for V oc < 0.3 V is determined by the RC time constant behavior of the photodiode and not evidence for the onset of another relaxation mechanism such as monomolecular relaxation. The data are consistent with results obtained via impedance spectroscopy.
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(3) Within the confines of the Langevin model for bimolecular recombination, we conclude that the Langevin coefficient is weakly carrier density dependent, increasing as the carrier density decreases. This is inconsistent, nevertheless, with the results of impedance spectroscopy 11 for the behavior of c with carrier density and for the magnitude of the coefficient. (4) Further experiments are required to discover the origin of differences in data ostensibly obtained using similar methodologies on similarly constructed OPV's. 
